Here we fully characterize the cytokine profile of laboring human myometrium using Luminex analysis of 48 cytokine proteins, and stereologically quantified infiltration of monocytes and neutrophils into the myometrium. We hypothesized that monocytes can regulate their accumulation in the myometrium by disruption of proinflammatory cytokines to prevent an uncontrolled inflammatory response after labor onset. We isolated primary human myometrial cells (HMCs) from term, nonlaboring myometrial biopsies. Confluent HMCs were cocultured directly with human monocytic (THP-1) or lymphocytic (U937) cells, and with the same cells spatially separated by a membrane insert. After 72 h, HMCs and THP-1 were harvested separately, and RNA was extracted and analyzed by quantitative PCR. Coculture supernatants were collected and analyzed by Luminex assay and ELISA. We found that the laboring human myometrium produces significantly higher amounts of interleukin (IL) 6, IL9, IL18, IL1RA, CCL2, CCL7, CXCL8, CSF3, and tumor necrosis factor alpha, which coincides with the influx of immune cells. The direct contact or presence of THP-1 monocytes (but not U937 cells) significantly decreased CCL2 protein levels and increased IL1RA protein levels secreted by HMCs. This time-dependent decrease of CCL2 was greater with increasing number of monocytes being in direct contact with HMCs. We suggest a novel mechanism by which monocytes are first recruited to the myometrium by multiple cytokines and contribute to the physiologic inflammation of labor. After completing transmigration, activated monocytes disrupt locally established CCL2 gradients (possible by CCR2-mediated consumption) to limit their accumulation in the uterus. This mechanism may serve as a negative feedback loop to control the local inflammation and promote a return to homeostasis.
INTRODUCTION
Human parturition involves complex, timely coordinated physiological processes, such as cervical dilatation, fetal membrane rupture, and uterine contractions. The mechanisms that trigger normal term labor are incompletely understood, but, according to our own studies and those of others, inflammatory pathways are involved [1, 2] . Using rodents, we have shown that the initiation of labor is essentially controlled by changes in the balance of maternal immune system regulators (i.e., cytokines). For the majority of pregnancies, these provide a tolerant, anti-inflammatory environment, but, close to term, there is a switch to a proinflammatory state leading to the activation of peripheral maternal immune cells, their infiltration to the uterus, and the initiation of labor and delivery [3, 4] . We have proposed that uterine smooth muscle (myometrium) acts as an immune regulatory tissue that regulates the recruitment of immune cells by creating local gradients of chemotactic cytokines (chemokines) [4] . Increased production of different chemokines by term myometrium could represent an initial step in the chain of events preparing uterine tissue for labor by actively promoting the chemotaxis of monocytes and other immune cells (i.e., neutrophils, lymphocytes). There is substantial evidence indicating that the human myometrium is infiltrated by immune cells during spontaneous noncomplicated labor at term [5, 6] , as well as labor complicated by uterine infection [7] . Inflammatory cells also infiltrate the term placenta, maternal decidua, and the fetal membranes (where they may contribute to spontaneous membrane rupture) [6, 8, 9] . These immune cells can release: 1) matrix metalloproteinases (MMPs) contributing to a cervical ripening, 2) prostaglandins, histamine, serotonin-capable of exerting a direct uterotonic effect on myometrium, and 3) a variety of potent proinflammatory cytokines (interleukin [IL] 1b, IL6, tumor necrosis factor-a [TNFA], etc.) promoting further leukocyte invasion into the uterus [1, 10] . Infiltrated monocytes differentiate to macrophages, [5, 7] , the most widely distributed immune cell type in the uterus (accounting for 22% of cells in pregnant murine uterus [11, 12] ).
Expression of the major monocyte chemoattractant, chemokine (C-C motif) ligand 2 (CCL2; also known as MCP-1) was found to be markedly increased in laboring as compared to quiescent pregnant human myometrium [13] . CCL2 is a member of a large family of soluble CC-chemokines that mediate local leukocyte (mostly monocytes and T cells) migration into various tissues [14] . In addition, the prototypical CXC chemokine IL8 (CXCL8/IL8), a major neutrophil chemoattractant, was also significantly up-regulated during active labor in women [15] , contributing to an inflammatory reaction.
There is, however, no information about the putative mechanisms that resolve the locally established chemokine gradients in pregnant myometrium after the successful delivery of the baby. We hypothesized that monocytes can regulate their accumulation in the myometrium by disruption of proinflammatory cytokines, thus preventing an uncontrolled inflammatory response after labor onset and promoting a return to homeostasis. Our first aim was to provide a comprehensive analysis of the labor-associated in vivo changes of 48 cytokine proteins and to perform a systemic quantitative immunohistochemical analysis of immune cell (macrophages and neutrophils) infiltration into pregnant human myometrial samples, collected before and during term labor. Our second aim was to mimic the relationship between uterine myocytes and immune cells in the laboring human myometrium by investigating in vitro the impact of the direct interaction between human myometrial cells (HMCs) and leukocytes (monocytic and lymphocytic cell lines) on cytokine expression and secretion.
MATERIALS AND METHODS

Study Populations
Informed consent was obtained from patients who were admitted to the Department of Obstetrics and Gynecology, Faculty of Medicine, Ramathibodi Hospital, Mahidol University, Bangkok, Thailand. The local hospital ethics committee approved the study. Healthy pregnant women with singleton pregnancy undergoing elective Cesarean delivery at term (gestational age ! 37 wk) were recruited as ''term not in labor'' (TNIL; n ¼ 18). Cesarean delivery of ''term in labor'' (TIL; n ¼ 19) patients was performed after the onset of labor (regular uterine contractions every 10 min, cervical dilatation . 3 cm). Patients with preterm premature rupture of membranes (PPROM), clinical chorioamnionitis, fetal anomalies, gestational diabetes/hypertension, cervical cerclage, pre-eclampsia, antepartum hemorrhage, and the presence and/or history of any medical or autoimmune disorder were excluded from the study. Subject demographic data are shown in Table 1 .
Tissue Collection
A myometrial biopsy sample (approximately 1 cm 3 ) was excised from the upper margin of an incision made in the lower uterine segment after delivery of the fetus. The biopsy was divided into two halves. For RNA and protein extraction, one half of the myometrial biopsy was washed in ice-cold PBS, snap frozen, and stored at À808C until use. The second half was immediately placed in 10% neutral buffered formalin (Merck, Darmstadt, Germany) for fixation and used later for immunohistochemical analysis. Myometrial biopsies from TNIL women (n ¼ 5) were used to derive primary myometrial cells.
Primary Culture of HMCs
A myometrial biopsy (approximately 0.5 3 0.5 3 1 cm) was collected in Hanks balanced salt solution supplemented with Ca 2þ and Mg 2þ and processed within 30 min after surgery. The tissue was rinsed a few times with Ca 2þ / Mg 2þ -free HBSS to remove excess blood cells, and carefully trimmed using surgical scissors to remove nonmuscular portions. Tissue biopsies were transferred to a sterile Petri dish and cut into 1 3 1 3 1-mm 3 pieces in HBSS containing 2 mg/ml Collagenase IA (C9891; Sigma-Aldrich, St. Louis, MO). The tissue was transferred to a conical Falcon tube and incubated at 378C with continuous agitation for 1 h. Dissociated cells were collected by centrifugation (180 3 g for 8 min) and the cell pellet was resuspended in sterile, phenol redfree Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 25 mM Hepes, and 100 U/ml penicillin/streptomycin (all from Life Technologies). The wash step was repeated three times. The myometrial cells were allowed to attach for 24 h. The cells were cultured and used within four to six passages.
To verify the cellular origin of primary HMCs, we employed specific biomarkers of fibroblastic versus myogenic origin via immunofluorescent staining. Primary HMCs derived from nonlaboring patients (passage 5-6) were cultured on eight-well cell chamber slides until confluence. The cells were then fixed with ice-cold aceton/methanol (1/1) for 15 min at room temperature (RT), permeabilized with 0.02% Triton X-100 (Sigma-Aldrich) for 10 min, and blocked with Serum Free Protein Block (X0909; Dako Corp., Carpinteria, CA) for 30 min at RT. The cells were then incubated with a specific antibody for fibroblasts biomarker, mouse anti-human Vimentin (Sc-7558; Santa Cruz Biotechnology, Dallas, TX), and with antibodies for myogenic biomarkers diluted 1:100 in PBS: mouse anti-human smooth muscle actin (M0851; Dako), anti-desmin (M076029; Dako), and anti-H-caldesmon (Sc-58703; Santa Cruz Biotechnology), or endothelial biomarker anti-cytokeratin (dilution, 1:200; M0821; Dako), for 18 h at 48C. HMCs were then washed in PBS, incubated with fluorochrome-linked secondary antibody goat anti-mouse Alexa Fluor-488 (dilution, 1:100; A21202; Invitrogen, Burlington, ON, Canada;), or donkey anti-goat Alexa fluor-594 (dilution, 1:200; A11058; Invitrogen) plus 4 0 ,6-diamidino-2-phenylindole (DAPI) nuclear staining (dilution, 1:1000; D-9542; Sigma-Aldrich) in the dark for 1 h. After washing with PBS, the slides were mounted with Shandon Immu-Mount (9990402; Thermo Scientific, MI), viewed under a fluorescence microscope (Leica Microsystems, Richmond Hill, ON, Canada), and photographed with the Sony DXC-970 MD (Sony Ltd., Toronto, ON, Canada) 3CCD color video camera.
RNA Extraction and Real-Time PCR Analysis
Total RNA was extracted from the frozen human myometria, HMCs and THP-1 cells using TRIZOL reagent (Life Technologies, Carlsbad, CA) according to manufacturer's instructions. RNA samples were column purified using RNeasy Mini Kit (Qiagen, Mississauga, ON, Canada), and treated with DNase I (Qiagen) to remove genomic DNA contamination. Total RNA was extracted from HMCs and THP-1 cells using RNeasy Plus micro kit (Qiagen, Venlo, The Netherlands). Genomic DNA removal was performed by gDNA eliminator column. The process was quality controlled by measuring yield (lg), concentration (lg/ll), and purity (A260:280 ratios) via spectrometry using a Nanodrop ND-1000 and sample integrity using the Experion system (Bio-Rad, Mississauga, ON, Canada). Only samples with an RNA quality indicator of .8.0 were used. Complimentary DNA synthesis was performed per the manufacturer's protocol using 500 ng of total RNA per 20-ll reaction (iScript cDNA synthesis kit; Bio-Rad). Quantitative real-time PCR was performed using LuminoCt SYBR Green QPCR RE-ADYMIX (Sigma-Aldrich), CFX-96 Real Time System C1000 Thermal Cycler (Bio-Rad), and specific pairs of primers (see Table 2 ). NCBI Primer-BLAST tool (http://www.ncbi.nlm.nih. gov/tools/primer-blast) was used for primer design. A dilution curve for each primer pair was generated using reverse-transcribed product of pooled RNA samples. All primer pairs produced linear dilution curves with PCR efficiency between 85% and 105%, spanning the cycle threshold (Ct) values of all subsequent PCR reactions. An averaged Ct value was recorded for each sample. Each gene was normalized to the geometric mean of the expression of three housekeeping genes (TBP, SDHA, and YWHAZ) by CFX Manager software (version 2.1). All PCR reactions were subjected to gradual temperature increment for melting curve analysis. Relative gene expression for TIL myometrial samples was presented as the average fold change relative to TNIL samples; relative gene expression for a coculture was presented as the average fold change to control single culture (HMCs or THP-1) using the comparative Ct method (see ABI User Bulletin No. 2). 
Immunohistochemistry Analysis
Myometrial biopsy samples were fixed in neutral buffered formalin for 16 h and processed. The fixed uterine tissues were gradually dehydrated in ethanol and embedded in Paraplast (Leica Microsystems) using Patchcentre Tissue Processor (Thermo Scientific). Sections of 5-lm thickness were collected on Superfrost Plus slides (Fisher Scientific, Nepean, ON, Canada). Paraffin sections were deparaffinized and rehydrated using xylene and graded ethanol series. After immersion in 3% hydrogen peroxide (Fisher Scientific, Fair Lawn, NJ) for 20 min, the antigens were unmasked using a microwave heating retrieval treatment in 10 mM sodium citrate solution (pH 6). Blocking was performed for 1 h with DAKO Protein Serum-Free Blocking solution (Dako). The sections were incubated overnight at 48C with primary antibody as follows: anti-human a smooth muscle actin (aSMA) clone 1A4 (1:400; Santa Cruz Biotechnology), monoclonal mouse anti-human CD68 clone KP1 (1:100; Novocastra/Leica, Buffalo Grove, IL), rabbit anti-human neutrophil elastase ([NE], 1:100; Abcam, Cambridge, UK), goat anti-human CXCL8/IL8 (1:50; Santa Cruz Biotechnology) and polyclonal goat anti-human CCL2 clone C-17 (1:50; Santa Cruz Biotechnology). CD68 recognizes the 110-kDa glycoprotein expressed by the majority of tissue macrophages, and has low expression on monocytes and granulocytes. NE recognizes the polymorphic 29-kDa antigen expressed by neutrophils and neutrophil precursors, but absent on resident tissue macrophages. NE has low expression on blood monocytes. For the negative controls, ChromPure nonspecific rat IgGs (Jackson ImmunoResearch Laboratories, West Grove, PA) were used at the same concentration, and sections were also incubated with secondary antibodies in the absence of primary antibodies. Detection was accomplished using biotinylated rabbit antimouse IgG and biotinylated goat anti-rabbit (both 1:300; Dako), biotinylated rabbit anti-goat (1:200; Vector Laboratories, Burlingame, CA) in combination with streptavidin horseradish peroxidase (HRP; Dako) and donkey anti-sheep/ goat HRP-conjugated IgG (1:50; Bio-Rad, Oxford, UK). Final visualization was achieved using Dako Liquid DABþ Substrate Chromogen System (Dako). Counterstaining with Harris hematoxylin (Sigma-Aldrich) was carried out before slides were mounted with Cytoseal XYL (Thermo Scientific, Kalamazoo, MI).
Assessment of Leukocyte Infiltration Using NewCast Software
Infiltration of macrophages and neutrophils was quantified using NewCast stereology software with systematic randomized sampling of 5% of the total myometrial area, as described previously [16] . Myometrial samples from TIL and TNIL patients were observed on an Olympus BX61 microscope and recorded using an Olympus DP72 digital camera. The population of leukocytes was assessed for CD68 and NE immunostaining to identify tissue macrophages and neutrophils, respectively. The boundaries of tissue sections were delineated at 503 magnification. NewCast software, part of Visiopharm integrator system 3.6. HMCs were seeded at a density of 180 000 cells per well in a 12-well tissue culture plate and allowed to attach for 24 h. At 24 h prior to the experiment, HMCs, THP-1, and U937 culture media were changed to DMEM/10% FBS. Coculture was constructed by seeding THP-1 or U937 cells at 400 000 or 200 000 per well, either directly on top of confluent HMCs, or onto a membrane culture insert (pore size ¼ 1 lm) to spatially separate the two cell types. Control wells were seeded with HMCs, THP-1, or U937 individual cultures. Supernatants were sampled after 24, 48, and 72 h of coculture or individual cultures, and stored at À808C until use. HMC/THP-1 and HMC/ U937 coculture experiments were repeated four times. After 72 h, culture supernatant containing THP-1 was collected and spun at 400 3 g for 5 min to separate monocytes from culture medium. Underlying HMCs were rinsed once with PBS and inspected under a microscope to insure that they were free of overlaid monocytes. Total RNA from THP-1 and HMCs was then extracted and stored at À808C until use.
Luminex Assay
Myometrial tissue samples (approximately 100 mg) were homogenized for 2 min in PBS supplemented with ProteoBlock Protease Inhibitor Cocktail (Thermo Scientific) using TissueLyser system (Qiagen) at the 20-Hz setting. Samples were spun at 4800 3 g for 20 min at 48C, and then the supernatant was transferred to a fresh tube to obtain a crude protein lysate and stored at À808C until being assayed. Total protein concentrations were determined using Pierce BCA Protein Assay Kit (Thermo Scientific). The optimal sample protein content for the measurement of multiple immunoreactive cytokines was established by serial dilution. Protein (50 lg) from tissue homogenates of each myometrial sample was used for multiplex assay. Tissue cytokine levels were quantified using Bio-Plex Pro Human Cytokine 27-Plex Panel and 21-plex Panel (Bio-Rad)-a total of 48 cytokine targets.
Coculture supernatants collected after 72 h were analyzed by six-plex Luminex assay (ProcartaPlex Human Essential Th1/Th2 Cytokine Panel [IL4, Multiplex assay was performed on a Luminex 200 system and Bioplex HTF (Bio-Rad) in accordance with the manufacturer's instructions. Standards and each sample were analyzed in duplicate. Washing was performed between each step using a HydroFlex microplate washer equipped with a magnetic plate carrier (Tecan, Switzerland). Data analysis was performed using Bio-Plex Manager, version 5.0 (Bio-Rad), and presented as concentrations (pg/ml).
Enzyme-Linked Immunosorbent Assays
Levels of CCL2 (R&D Systems, Minneapolis, MN) in culture supernatants were determined using ELISA assays according to the manufacturer's protocols.
Statistical Analysis
D'Agostino and Pearson Omnibus normality test was employed for 1) in vivo cytokine gene and protein expression by myometrial biopsies and 2) the leukocyte infiltration data, and indicated that protein and infiltration data were normally distributed. Grubbs outlier test was utilized to identify and exclude outliers from these data sets: Bioplex data-one outlier was excluded from each experimental group (TNIL and TIL), infiltration data-one outlier was excluded from the TIL group. To determine differences between in vivo cytokine gene and protein expression by myometrial cells and the leukocyte infiltration data, study groups (TNIL and TIL) were subjected to a Student t-test (for normally distributed gene expression and infiltration data) or MannWhitney test (for nonnormally distributed in vivo gene expression data). To determine differences between coculture study groups, we analyzed protein and gene expression by repeated measure a one-way ANOVA followed by Tukey or Dunnett multiple comparison tests. Statistical analysis was carried out using GraphPad Prism (version 5.04) for in vivo cytokine expression data or Sigma Stat (version 3.11) for the leukocyte infiltration and in vitro Luminex data. The level of significance was set at P , 0.05.
RESULTS
Human Myometrial Cytokine Expression Before and During Term Labor
Protein lysates from laboring (TIL) and nonlaboring (TNIL) human myometrium were analyzed using a multiplex protein assay. A total of 48 cytokines was quantified; 29 out of 48 cytokines were detectable, and the expression of nine cytokines was found to be significantly increased in tissue samples obtained after labor onset compared with samples obtained before labor onset (Fig. 1A) . These include IL6, IL9, IL18, IL1RA/IL-1RA, CCL2/MCP-1, CCL7/MCP-3, CXCL8/IL-8, FIG. 1 . Changes of cytokine protein (A) and mRNA (C) levels in the term human myometrium during late gestation and spontaneous labor. Proinflammatory (IL6, IL9, IL18, and TNFA), CSF3, and anti-inflammatory (IL1RAN) cytokine and chemokine (CCL2/MCP-1, CCL7/MCP-3 and CXCL8/IL8) protein expression were detected by multiplex magnetic bead assay (A); gene expression was detected by real-time PCR (C). Shown are myometrial samples collected from TNIL women (white bars) and TIL women (black bars) collected during elective (TNIL) and emergency (TIL) Cesarean sections. A) All cytokine and chemokine proteins are presented (pg/mg of total protein). B) Increase in cytokine levels in TIL myometrium is illustrated as fold change relative to TNIL levels (the dotted line in the bottom designates 1). C) Cytokine and chemokine TIL mRNA levels were expressed as fold changes relative to the TNIL mRNA level (the dotted line in the bottom designates 1). Results were expressed as mean 6 SEM (n ¼ 18-19 per group). *Significant difference with TNIL (P , 0.05; unpaired t-test or Mann-Whitney U-test). D) Immunohistochemical examination of lower uterine segment sample biopsies from nonlaboring (TNIL) and laboring (TIL) women was performed using anti-SMA antibody. Protein localization of MCP-1 was examined using anti-CCL2 antibodies. Protein localization of CXCL8 (IL8) was examined using anti-CXCL8 antibodies. CCL2 and CXCL8 immunostaining was identified as a brown deposit.
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granulocyte colony-stimulating factor (GCSF/CSF3), and TNFA. These cytokines are essential players during leukocyte extravasation into the myometrium, and function as chemoattractants for the monocytes (CCL2, CCL7) or neutrophils (CXCL8), proinflammatory (TNFA, IL6, IL18), and antiinflammatory (IL1RN) agents or factors stimulating immune cell proliferation (IL9, GCSF). CCL2 exhibited the highest level of protein expression in the laboring human myometrium (Fig. 1A) ; IL6, CXCL8, and CCL2 exhibited the largest fold increase in laboring as compared to nonlaboring myometrium (Fig. 1B, fold changes of 38.2, 25.0, and 6.2, respectively) . Gene expression levels of the five most highly expressed myometrial cytokines (IL6, IL8, CCL2, IL1RN , and CSF3) were confirmed by quantitative RT-PCR (qRT-PCR; Fig. 1C) . Expression of CCL2 mRNA was 9.5-fold higher during labor than before labor onset, whereas IL6 and IL8 transcript levels were 9.1-and 7.7-times higher in laboring myometrium samples. Additionally, we performed myometrial histology to confirm the cellular origin of the CCL2 and CXCL8 proteins. The largest histological component of all myometrial tissue biopsies was smooth muscle, as determined by aSMA immunostaining (Fig. 1D) . In situ localization of CCL2 and CXCL8 proteins revealed that this chemokine was expressed by myometrial smooth muscle cells (SMCs) and immune cells. Consistent with our gene and protein expression results, the more intense CCL2 and CXCL8 staining was detected in laboring samples (Fig. 1D) . The immunostaining of both chemokines in human nonlaboring myometrial samples was weak. CCL2 and CXCL8 proteins were always found in the cytoplasm of myometrial SMCs, and this spatial distribution was similar in both laboring and nonlaboring samples.
Peripheral Leukocyte Infiltration into the Human Myometrium
We next investigated whether the increased secretion of multiple cytokines by laboring myometrium coincided with immune cell infiltration. Myometrial tissue sections were immunostained with specific anti-CD68 antibodies for human macrophages and anti-NE antibodies for human neutrophils ( Fig. 2A) . Labeled cells were sparsely distributed in the nonlaboring myometrium, but were often concentrated near blood vessels. The number of leukocytes was increased in the human myometrium during active labor, mostly clustered between muscle fascicles ( Fig. 2A) . A systematic quantitative immunohistochemical analysis of the in situ immune cell infiltration into human myometrial samples, collected before and during labor onset, was performed using NewCast stereology software. Our data revealed a significantly higher number of macrophage (defined as CD68 þ cells) infiltrating in the lower uterine segment of human myometrium during spontaneous noncomplicated labor as compared to women at term but not in labor (1.7 6 0.43 vs. 5.1 6 0.7 cells/mm 2 ; n ¼ 18; P ¼ 0.033), providing direct evidence of immune cell extravasation into the tissue. The number of neutrophils, defined as cells stained positively for NE, were low before labor onset, but significantly increased in myometrium during labor (0.84 6 0.31 vs. 1.76 6 0.9 cells/mm 2 ; n ¼ 19; P ¼ 0.006). Importantly, in term human myometrium, there were two to three times more macrophages than neutrophils. We cannot exclude the possibility that some of these positive cells were actually monocytes, as they can faintly express both markers.
Monocytic, but Not Lymphocytic, Cells Decreased Myometrial CCL2 Protein Levels
To mimic the relationship between uterine myocytes and infiltrated immune cells, we performed in vitro cell coculture experiments using primary HMCs and leukocyte cells, specifically nonstimulated monocytic THP-1 and lymphocytic U937 cell lines. Primary HMCs were derived from myometrial tissue biopsies obtained from term, nonlaboring women undergoing elective Cesarean section (described in Materials and Methods) that were used for the in vivo cytokine expression analysis (see above). To identify the phenotype of the HMCs, we employed immunofluorescent staining using specific biomarkers of myogenic versus fibroblastic cellular origin. The majority of DAPI-positive cells were positive for anti-aSMA (myogenic marker) and anti-vimentin (fibroblastic marker). Approximately 10%-20% of all primary HMCs expressed biomarkers of differentiated SMCs, anti-H-caldesmon, and anti-Desmin. Our results indicate that the majority of cultured primary HMCs were a mixture of myofibroblasts and SMCs. All cell cultures analyzed were negative for cytokeratin, indicating the absence of epithelial cells (Supplemental Fig. S1 ; all Supplemental Data are available online at www.biolreprod. org).
Next, we assessed the impact of direct and indirect interaction between HMCs and immune cells on cytokine secretion using a multiplex protein assay (n ¼ 3). A total of 11 cytokines was quantified in media conditioned by single cultures of HMCs; four proteins (CCL2, IL6, CXCL8, and IL1RA) were massively secreted by uterine cells into the culture media, whereas seven proteins were not detected by multiplex assay (IL4, IL5, IL9, IL18, IL12p40, TNFA, and IFNG; data not shown). Our results show that, after 24 h, single cultures of primary HMCs produced high protein levels of CCL2 (0.5-1.0 ng/ml), and these levels continued to rise throughout the 72-h experimental period up to 3.9 ng/ml. The expression of IL1RA (36-49 pg/ml), IL6 (100 pg/ml), and IL8 (100-150 pg/ml) in single HMC culture was lower after 24 h, but increased after 72 h, to 44-128 pg/ml (IL1RA), up to 2.2 ng/ml (IL6), and up to 2.0 ng/ml (IL8) (data not shown). According to Luminex analysis, the copresence of HMCs with monocytic THP-1 cells for 72 h significantly (P , 0.05) decreased the protein concentration of CCL2 in direct contact or separated by a membrane and did not affect IL6 and CXCL8 protein levels, but dramatically (but not significantly [P ¼ 0.06, n ¼ 3]) up-regulated the secretion of anti-inflammatory protein IL1RA in cell culture media (Fig. 3) . The lack of statistical significance was due to a high variability in the expression of IL1RA by three HMC cell lines (0.6-1.6 ng/ml). CCL2, IL6, and CXCL8 levels in cultures of nonstimulated THP-1 cells were barely detectable, but the expression of IL1RA was higher than in single HMCs (Fig. 3) . We verified statistically significant temporal changes of CCL2 levels in the cell culture supernatant by specific ELISA using HMC/THP-1 and HMC/ U937 cocultures (Fig. 4) . Addition of THP-1 monocytic cells to confluent HMCs resulted in a progressive decrease in the levels of immunoreactive CCL2 in the cell culture supernatant in comparison to cultures of HMCs alone. The decrease was related to the number of THP-1 cells added to the cocultures, and was most pronounced when the THP-1 cells were in direct contact with myometrial cells. The extent of the THP-1-induced inhibition of myometrial cell CCL2 production increased with time in culture (Fig. 4, left panel; n ¼ 4) . After 72 h of direct contact (coculture of HMCs with 400 000 THP-1 cells), levels of CCL2 in coculture supernatants were reduced to below 10 pg/ml and were undetectable in one of four samples-a striking effect, considering that HMCs produce levels of CCL2 in the nanograms per milliliter range in single culture. The reduction in CCL2 persisted when 400 000 monocytes were separated from the HMCs by the membrane filter insert, although the inhibition was of considerably lesser magnitude than when the cells were in direct contact (24 h: 70.1 6 7.2% vs. 42.6 6 4.9%; 72 h: 26.8 6 6.1% vs. 8.9 6 3.9%). In contrast to monocytic THP-1 cells, coculture of U937 cells (a cell line that was originated from human lymphoid cells) with HMCs did not result in any change in CCL2 protein levels in the coculture supernatant, irrespective of whether or not there was direct contact between the U937 cells and HMCs (Fig. 4, right panel; n ¼ 4) . CCL2 levels in cultures of nonstimulated U937 cells were barely detectable.
Expression of Inflammation-Related Genes in HMCs and THP-1 Monocytes
After 72 h of coculture, HMCs and THP-1 monocytes were harvested separately, RNA was extracted, and the mRNA expression of two cytokines (CCL2 and IL6) most highly upregulated in vivo in laboring human myometrium, CCR2 receptor, and two activation markers (MMP2 and MMP9) was analyzed by qPCR. The expression of CCR2 was nondetectable in single HMCs cultures. Surprisingly, expression levels of the other four genes (most notably that of CCL2) were unchanged in the HMCs cocultured with THP-1 cells (Fig. 5, left panel) . This indicates that the dramatic decrease of the CCL2 protein levels in the coculture supernatant was not due to a decreased secretion of CCL2 protein, but rather by another mechanism(s) able to scavenge secreted cytokines from the media. 3 was used to quantify neutrophil and macrophage numbers in the myometrium. Shown are TNIL (white bars) and TIL (black bars) myometrial samples. Results were expressed as mean 6 SEM (n ¼ 18-19 per group). Unpaired t-test was utilized for statistical analysis. *P , 0.05 and ***P , 0.001, significant difference between TIL and TNIL.
MONOCYTES MODULATE MYOMETRIAL INFLAMMATION
To determine whether monocytic cells are themselves activated in the presence of myometrial cells, we investigated the effect of HMCs/THP-1 coculture on the expression of all four activation marker genes and the CCR2 receptor in the THP-1 cells. We found increased expression of CCL2, IL6, MMP2, and MMP9 mRNA levels in the THP-1 cells when they were cultured in the presence of HMCs, irrespective of whether the contact was direct or indirect (Fig. 5, right panel; n ¼ 3) .
The expression of CCR2 was high in a single THP-1 culture, and did not change when cocultured with HMCs (data not shown).
DISCUSSION
Based on our previous animal studies and those of others, we suggested that during late pregnancy the myometrium is capable of modulating maternal peripheral immune function   FIG. 4 . Temporal change in CCL2 protein levels of supernatant collected from HMC/THP-1 (left panels) and HMC/U937 (right panels) cocultures. HMC single culture (white bars) were prepared from term, nonlaboring myometrial biopsies using enzymatic digestion and seeded at the density of 180 000 cells/well. Cocultures were constructed by seeding THP-1 or U937 cells, either directly on top of confluent HMC layer (200 000 per well, hatched bar; 400 000 per well, horizontally striped bar) or separately onto a 1-lm pore size culture insert (400 000 per membrane insert, vertically striped bar). THP-1 and U937 individual cultures were maintained for the duration of the experiment. Supernatants were collected after 24, 48, and 72 h and analyzed by ELISA. Changes in CCL2 protein secreted into the coculture media are shown as percentage of control HMC single culture of respective day (mean 6 SD). The presence of monocytic THP-1 cells significantly decreased CCL2 synthesis by HMCs; the effect was apparent within 24 h, but was more pronounced after 72 h of coculture. Data labeled with different letters are significantly different from each other (n ¼ 4; P , 0.05, ANOVA with Tukey multiple comparison test). The presence of lymphocytic U937 cells did not influence CCL2 synthesis by HMCs (n ¼ 4).
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that contributes to the initiation of labor [4, 16] . In this model, the synthesis and release of chemokines/cytokines from the myometrium results in activation of maternal peripheral immune cells and their extravasation from the uterine vasculature into the myometrium, where they differentiate and release factors that 1) induce further immune cells recruitment (in a cycle of increasing inflammation) and 2) thereby stimulates the myometrium to initiate the process of FIG. 5. THP-1 cells are activated by the presence of primary HMCs, which is manifested by the increase in CCL2, IL6, MMP2, and MMP9 mRNA levels. HMC single culture (left panels, white bars) were prepared from term, nonlaboring myometrial biopsies using enzymatic digestion and seeded at a density of 180 000 cells/well. THP-1 cells (400 000/well) were cultured separately (right panels, white bars). Cocultures were constructed by seeding THP-1 monocytic cells, either directly on top of confluent HMC layer (200 000/well, hatched bar; 400 000/well, horizontally striped bar) or separately onto a 1-lm pore size culture insert (400 000/membrane insert, vertically striped bar). 
MONOCYTES MODULATE MYOMETRIAL INFLAMMATION
labor. This local inflammation in the uterus must be tightly regulated so that it will not lead to adverse pregnancy outcomes, such as preterm labor. Our present study not only shows that similar pathways operate in human pregnancy, but also provides important new data that indicates how the amplification of the inflammatory process can be controlled and promote the return to homeostasis. Our finding that the interaction between myometrial cells and monocytes change cytokine levels in the culture media suggests that monocytes might actually reduce or curtail the inflammatory response. Recent studies provide some support for this action.
For the process of leukocyte migration to be effective, two major factors should be present: the gradient of the increasing concentration of agonist (i.e., CCL2 or CXCL8) and the responsiveness of the immune cells provided via cognate chemokine receptors. Both CC-chemokines up-regulated in the laboring myometrium (CCL2 and CCL7) bind to human CCR2 chemokine receptor, which mediates directional migration of monocytes/macrophages, lymphocytes, and neutrophils [17] . It is well established that induction of monocytes by CCL2 causes CCR2 chemokine receptor desensitization and internalization [18] , the process that regulates the duration and amplitude of the chemotactic signal and influences the migratory capability of leukocytes [19, 20] . Using fluorescent protein-tagged CCL2, Volpe et al. [21] recently showed that monocytes act as scavengers for CCL2 during chemotaxis. In an in vitro study, these authors demonstrated that monocytes could efficiently and selectively internalize CCL2 liganded to its receptor. The internalized chemokine receptors are eventually degraded by lysosomes or recycled back to the membrane [19] to engage further ligand. In addition, Maus et al. [22] , analyzing the inflammatory response to LPS administration to the lungs of wild-type or CCR2-deficient mice, reported that the absence of CCR2 led to reduced monocyte accumulation in the lungs, but increased levels of CCL2 cytokine in lung fluid. These authors suggested that CCR2-positive monocytes are the main determinants causing consumption of CCL2 levels in mouse lungs. Therefore, constant chemokine uptake by the chemokine receptors is seen as an effective mechanism to reduce the strength of the signal by rapid cycling of CCR2 from the plasma membrane to lysosomes, sending extracellular CCL2 for degradation by lysosomal enzymes (acid hydrolases) [21] . Interestingly, mice deficient in CCR2 have reduced monocytes trafficking into the uterus, but undergo normal parturition [23] .
In support of this mode of action, we found that, in the presence of monocytes, there was no reduction in the expression of CCL2 by the myometrial cells, suggesting that the mechanisms by which media levels of cytokines are reduced in coculture are downstream of myometrial cytokine production. Monocytes expressed high levels of CCR2 irrespective of the presence or absence of the myometrial cells. However, in the presence of myometrial cells, monocytes expressed increased levels of inflammatory mediators (CCL2, IL6, MMP2, and MMP9), demonstrating an interesting crosscommunication between these cell types. We also found that the reduction in secreted cytokines was much greater when the monocytes were directly cultured with the myometrial cells rather than separated by the cell culture inserts. Based on the above reports, this might indicate that the monocytes within the inserts were able to act from a distance by degrading the excessive amount of ligand, but had less access to the myometrial cell culture media, and hence were less able to scavenge cytokines.
Our evidence does not allow us to directly prove that CCR2-positive monocytes scavenge CCL2 proteins in myometrium, and therefore we cannot rule out that other pathways operate in parallel to ensure the decrease of local CCL2 levels (mRNA decay, RNA interference, proteasomal degradation, splice variants, enzymatic cleavage by monocytes, etc.).
Our current data confirm that the myometrium could participate in physiological uterine inflammation by synthesizing and releasing an array of proinflammatory mediators. Here, we characterized, in detail, the 48-cytokine profile of term pregnant human myometrium, before and after labor onset. We found that levels of nine cytokines (IL1RA, IL6, IL9, IL18, CXCL8, CCL2, SCF3, TNFA, and CCL7/MCP-3) were significantly higher in samples collected after labor onset as compared to samples from nonlaboring term pregnant women. It is known that these cytokines play important roles in the activation of peripheral immune cells and promote their survival, differentiation, and extravasation from the blood vessels into various tissues. These cytokines function as either chemoattractants for the monocytes (CCL2 and CCL7) or neutrophils (CXCL8), proinflammatory (TNFA, IL6, and IL18) and anti-inflammatory (IL1RA) agents, or factors stimulating immune cell proliferation (IL9 and CSF3) [24, 25] . Proinflammatory and chemotactic myometrial cytokines were found to dominate the list, with two proteins (CCL2 and CXCL8) showing the highest expression levels during spontaneous TL. These are canonic a and b chemokines stimulating migration of immune cells in different tissues [14, 26] . Among the upregulated proinflammatory cytokines, IL6 was the most prominent, showing the highest fold induction during labor. Two other proteins, TNFA and IL18, are important proinflammatory mediators mainly produced by activated macrophages. TNFA is known as an early response cytokine involved in systemic inflammation. Functionally, application of TNFA has been shown to increase contractility of human myometrial SMCs [27] , and to induce preterm delivery in pregnant rabbits, which might be due to induction of prostaglandin production [28] . IL9 and CSF3 proteins act as regulators of a variety of hematopoietic cells by stimulating their proliferation and differentiation and preventing apoptosis.
Importantly, our analysis also confirmed that IL6, CCL2, and CXCL8 gene expression was significantly up-regulated in human laboring myometrium, which directly corresponds to recent reports of myometrial transcriptome analysis [8] . This study identified IL6, CXCL1, and CXCL8 as the highest expressed myometrial genes, with CXCL8 (the major chemoattractant for neutrophils) exhibiting the highest fold change in TIL compared to TNIL human samples [8] . In addition, others reported that protein levels of proinflammatory cytokines IL6 and CXCL8 were significantly increased in the lower uterine segment during human preterm [29] and term parturition [6, 30] . The specific roles of IL6 in pregnancy have not been clearly identified [31] ; however, IL6 mRNA levels were increased in TNIL myometrium and further up-regulated after the onset of labor, indicating a close association with labor progression [6] . It was shown that IL6 can stimulate uterine contractions by inducing increased myometrial secretion of oxytocin and the expression of oxytocin receptor [32, 33] , and regulating genes involved in the prostaglandin-mediated uterine activation cascade [34] . In addition, the increase in myometrial IL6 can support the differentiation of monocytes to macrophages and/or activation of differentiated macrophages [14, 34] . It can also play a role in regulating leukocyte infiltration through suppressing neutrophil recruitment in favor of monocytes [35] via increased secretion of specific chemokines (i.e., CCL2) [34, 36] .
IL1 plays a pivotal role in the pathogenesis of multiple inflammatory disorders, including preterm birth, inflammatory SRIKHAJON ET AL. bowel disease, atherosclerosis, ischemia/reperfusion injury, and coronary artery disease. The inflammatory activity of IL1b can be antagonized by its naturally occurring inhibitor, the IL1 receptor antagonist (IL1RA). IL1RA exists as secreted and intracellular isoforms. Plasma levels IL1RA are considered to be a marker of monocyte activation [37] and of M2 macrophage polarization [38] . In this study, we found increased levels of IL1RA protein in laboring human myometrium and that secreted by monoculture of HMCs as compared to coculture of myometrial and monocytic THP-1 cells. Increased production of IL1RA may indicate that, in parallel with the decrease in CCL2 levels, there is a generation of M2 macrophages as part of a protective immune response aiming at restoring homeostasis in the uterine tissue. These findings can explain the way the maternal immune system is fine tuned in response to pregnancy, because they uncover a new pathway that promotes homeostatic responses in the uterine tissue during postpartum involution. More detailed studies using specific markers of macrophage polarization will be needed to determine whether increased IL1RA secretion is related to this transformation.
We have recently shown that chemokines secreted by myometrial cells can initiate the chemotaxis of immune cells [3, 39] . Our current in vivo stereological immunohistochemical analysis revealed the presence of leukocytes in the human myometrium before labor and a significant increase in their numbers during active labor, which provides direct evidence of the immune cell extravasation into maternal uterine tissue. These findings confirm the presence of localized myometrial inflammation in the absence of infection, and indicate that this common labor-related physiologic phenomenon is a critical element of term labor. Importantly, the numbers of infiltrating monocyte cells exceeded the neutrophil numbers by three fold, which suggests the importance of the presence of monocytes during the labor process. Similarly, it was reported by others that in vitro monocyte chemotactic activity induced by human fetal membrane extracts was 36-fold higher in women after TL as compared to TNIL women, accompanied by a 3-fold increase in neutrophil chemotaxis [40] .
In summary, we propose a hypothetical model to explain the negative feedback loop that limits the accumulation of leukocytes (monocytes) in the myometrium after labor onset and promotes the maintenance of postpartum uterine tissue homeostasis (Fig. 6 ). The present observations suggest an exciting possibility that, rather than feeding forward the inflammatory process indefinitely, the presence of monocytes might constrain and control the extent of local inflammation (e.g., preventing further recruitment of monocytes into the area already infiltrated by immune cells). A better understanding of the molecular mechanisms by which peripheral immune cells contribute to the development and resolution of myometrial inflammation is necessary for developing strategies to prevent premature leukocyte infiltration to the myometrium during preterm labor (which is one of the biggest challenges in modern obstetrics), without interfering with maternal immune system defense capacities.
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FIG. 6. Schematic presentation of the hypothetical model for cytokine degradation after labor onset to prevent an uncontrolled inflammatory response. 1) Uterine chemokines secreted during term labor bind to chemokine receptors on circulating monocytes and/or neutrophils, which (2) mediates transmigration of peripheral leukocytes into the myometrium. 3) During migration, a direct contact with uterine SMCs activates leukocytes, and (4) causes selective internalization of chemokine receptors from the plasma membrane to lysosomes for degradation of chemokines.
